INTRODUCTION
century (Tanakadate, 1940; Trusdell and others, 2005) , and Ruby Seamount erupted in 1996 (R.Y. Koyanagi, unpub. data). (Banks and others, 1984) . Intermittent ejection of mainly phreatic ash and other products continued for another 15 years. The U.S. Geological Survey operated two seismometers on the island, chiefly during the 1990s and in 2001, but, at present, there is no continuous monitoring.
CLIMATE
The climate of Mount Pagan is dominated by northeast trade winds, which bring frequent heavy showers during much of the year, except in late spring and early summer. Typhoons and tropical storms are common in the Northern Mariana Islands, especially from August to December. Average annual rainfall on Pagan is about 178-203 cm (70-80 inches; Corwin and others, 1957) .
STRUCTURE AND MORPHOLOGY
Rocks erupted by Mount Pagan cover an area of about 8 km in a north-south direction by 6 km west-east. A 5.5-km-diameter ( fig. 2) , roughly circular caldera, with a prominent southern wall and more subdued, partly buried northern and eastern scarps includes more than half of the subaerial part of Mount Pagan. Preliminary calculations of the volume of the volcanic edifice that occupied the remnant caldera are ~4.7 to 5.8 km 3 . This implies that the caldera-forming eruption was large and, at least, a VEI 5 (Newhall and Self, 1982; Mt St. Helens in 1980 was a VEI 5) . Mount Pagan itself rises to an elevation of 570 m near the center of the caldera. On the western flank of Mount Pagan is a roughly 2 x 2-km depression with a lake in its floor ( fig. 2 ).
The deposits surrounding the depression are characteristic of phreatomagmatic eruptions. We interpret this feature as a maar. We have obtained about a dozen radiocarbon ages from charcoal collected beneath lava flows and within pyroclastic deposits. An age of 10,780 ± 250 years B.P. for a lava flow near the base of the southwestern caldera wall suggests that most of the stratigraphic succession above it, including the presumed caldera-forming unit, is Holocene in age. Most of our new age determinations are only a few hundred years old, suggesting that Mount Pagan has erupted frequently and grown rapidly since caldera formation, probably less than 1,000 years ago.
Hence, it must be regarded as a potentially dangerous volcano.
Erosion has not been as prominent on Mount Pagan as it has been on some other islands in the chain, perhaps due to the many lava flows and a lower abundance of loose pyroclastic materials. However, localized erosion has been prominent in large drainages that head on the western upper flank of Mount Pagan and flow southwestward into Shomushon village.
Unfortunately, the village has been mostly destroyed by flooding and debris flows after the 1981 eruption.
RADIOCARBON DATA
This report includes 10 radiocarbon ages from 3 eruptive units (table 1) . Most of the ages are Accelerator Mass Spectrometer ages generated in the U.S. Geological Survey's laboratory in Reston, Virginia. In addition, two ages were obtained from other laboratories. All ages are reported in radiocarbon years before present (yr B.P., before the calendar year datum of A.D. 1950) . The variance is reported as one standard deviation, in years.
Carbonized roots, twigs, or vegetative litter formed most samples; rarely, unaltered wood was used. Each age was calibrated to calendar years using CALIB 4.0 Radiocarbon Calibration Program (Stuiver and others, 1998). The calibrated ages are for two standard deviations. The data in column Table 1 labeled "Age range" encompasses the entire age range of calendar ages possible for a given radiocarbon age. Symbols indicating quality show usefulness of age in stratigraphic interpretations: +, age thought meaningful; 0, age probably meaningful but accuracy may be far poorer than indicated by the reported precision; -, age meaningless (owing to large analytical error) or incorrect (on the basis of our knowledge obtained by all ages and regional stratigraphic relationships). Meaningless ages are not reported in Table 1 . 2 flows 1,000-2,000 yr B.P. 9 8,000-9,000 yr B.P.
3 flows 2,000-3,000 yr B.P. 10 9,000-10,000 yr B.P. 4 flows 3,000-4,000 yr B.P. 11 10,000-15,000 yr B.P. 5 4,000-5,000 yr B.P. 12 15,000-20,000 yr B.P. 6 5,000-6,000 yr B.P. 13 > 20,000 yr B.P. + = age thought meaningful; 0 = age probably meaningful but accuracy may be poorer than indicated by the reported precision. Meaningless alytical error) or incorrect (using all age data and regional stratigraphic relationships) ages are not reported here; see Appendix A. All flows are numbered and based on stratigraphy. Undated flows are correlated to dated flows using superposition. Units that are stacked show direct superposition relations (young over old flows). Question mark indicates that the base of the flow is concealed. For units that are not in contact we use surface exposure; color change due to solar radiation; extend of weathering; tree height, size, and girth; diversity of native plant species; soil and ash accumulation to assign stratigraphic order.
DESCRIPTION OF MAP UNITS

UNITS OF HISTORIC AGE (A.D. 1600 and younger)
Qbc1 Qbf1 Qbp1 1981
Spatter and cinder deposits and 'a'ā and minor pāhoehoe flows erupted mainly in 1981 (Banks and others, 1984) Banks and others (1984) estimated the volume of pozzolan to be 28 x 10 6 m 3 Using isopachs from Banks and others (1984) and a revised estimate of basalt density; we estimate about 32 million metric tons. Taking into account the lower density of vesicular basalt and tephra, we consider this as a minimum (see appendix B
for our revised estimate of Banks and others, volume of pozzolan; Appendix C is a Chemical Assay of the 1981 tephra). Basalt has 1-7 percent plagioclase, 1-7 percent clinopyroxene, and less than 1 percent olivine phenocrysts (Banks and others, 1984) .
Qbp2 Qbf2 A.D. 1925
Cinders, 'a'ā, and pāhoehoe flows erupted in 1925 (Newhall and Dzurisin, 1988; Simkin and Siebert, 1994) . Source vent was the summit of Mount Pagan, and prior to the 1981, eruption a small cone (marked 502 m on the military-created topographic base) that formed during the 1925 eruption lay on the floor of the main crater of Mount Pagan (Corwin and others, 1957) . Other small eruptions, mainly of cinders and ash but not lava flows, were reported mainly during the 1920's (Simkin and Siebert, 1994) and the deposits of these eruptions are included in map unit Qbp2. Unit is mostly buried by the products of the 1981-1996 eruptions. Basalt has 10-15 percent plagioclase and less than 1 percent olivine phenocrysts.
Qbf3 A.D. 1872-73
Extensive 'a'ā and pāhoehoe flows possibly erupted in A.D. 1872-73 (Newhall and Dzurisin, 1988; Simkin and Siebert, 1994) . Source vent was Mount Pagan, but all vent materials erupted at this time appear to be buried by the products of later eruptions, particularly those of 1981.
Tentative age is assigned on the basis of published reports (summarized in Newhall and Dzurisin, 1988) , stratigraphic relationships, and the presence of fresh, uneroded, and relatively pristine morphology of delicate primary features on flow surfaces. Basalt has 1-3 percent plagioclase and less than 1 percent olivine phenocrysts.
UNITS OF HOLOCENE AGE Qbc4 Qbf4
Cinder cone and pāhoehoe flow on floor of larger eastern maar crater about 1 km west-northwest of summit crater of Mount Pagan. Possibly, this unit represents the latest episode in eruption of maar Qbp5. Basalt has 15-20 percent plagioclase and 2-3 percent olivine phenocrysts.
Qbp5
Extensive maar and its associated pyroclastic-flow and -surge deposits on the western flank of Mount Pagan. Several radiocarbon ages range from about 600 to 50 years B.P., suggesting that eruption occurred intermittently over a long period of time, perhaps triggered by ascent of several different batches of magma into a large hydrothermal and hydrologic system near sea level within the volcano. The radiocarbon ages span a time period when Pagan likely was populated, but most of the western side of the volcano must have been repeatedly devastated, making habitation difficult. The western outer lake, Laguna Sanhiyon, is salty like the adjacent ocean (fish live in it) and the eastern inner lake, Laguna Sanhalom, is less so, probably because of dilution by rainfall. Hot springs occur adjacent to the inner lake. Laguna Sanhiyon occupies the smaller western maar crater. It may be slightly older than the eastern larger crater. 600 ± 89 year old charcoal was found in the basal tuff in this area. At the other end of the age range, unit Qbc4, Qbf4 may be of historical age. Unit is locally mantled by as much as 1 m of 1981 cinders (unit Qbpl-1981) . Not shown where underlying units can be recognized. Chemical compositions of aphyric juvenile pumice from the coarser pyroclastic-flow deposits are basaltic andesite. Age ranges from 50 to 600 yr B.P.
Qbc6 Qbf6
Pair of cones on the north flank of Mount Pagan adjacent to the large maar on its northeast side, and an extensive 'a'ā and pāhoehoe flows of Marasu. Stipple pattern on topographic base map portrays the pre-1981 mantle of ash and tuff, mainly a thin unmapped part of unit Qbp5 that covers much of unit Qbf6. Units Qbc6, Qbf6 also are mostly buried by 1981 cinders. Basalt has 15-20 percent plagioclase and less than 1 percent olivine phenocrysts.
Qbc7 Qbf7
Spatter deposits on the southeast flank of Mount Pagan and pāhoehoe and 'a'ā flows at the old caldera scarp. Basalt has 12-15% percent plagioclase and 1-2 percent olivine phenocrysts.
Microgabbroic clusters 1 cm in diameter are common.
Qbc8
Small spatter cone on lower south flank of Mount Pagan. Overlain by Qbf3. Basalt has 10-15 percent plagioclase and about 1 percent olivine phenocrysts.
Qbc9
Small spatter cone on middle east flank of Mount Pagan. Basalt has 7-10 percent plagioclase and about 1 percent olivine phenocrysts in a variably glassy groundmass.
Qbc10 Qbf10
Spatter cone, pāhoehoe and 'a'ā flows on the lower southeast flank of Mount Pagan, just inside the southeast caldera wall. Overlain by Qbf7. Basalt has 10-20 percent plagioclase, 1-2 percent olivine, and less than 1 percent pyroxene phenocrysts.
Qbf11
'A'ā flow on the lower southwest flank of Mount Pagan, surrounding cone Qbc12. Source vent is not known but likely was near the summit of Mount Pagan. Flow has 20-25 percent plagioclase and <1 percent olivine phenocrysts.
Qbc12
Spatter cone on the lower southwest flank of Mount Pagan, surrounded by younger lava flows and is located about 1 km east-northeast of Shomushon. Basalt has 10-15 percent plagioclase and less than 1 percent olivine phenocrysts.
Qbc13
Eroded spatter cone at coastal beach about 1 km south of Shomushon. Basalt has 3-5 percent plagioclase phenocrysts.
Qbc14
Large Surtseyan tuff cone at coast on east side of peninsula linking Mount Pagan and South Pagan, about 1 km south of the south caldera wall of Mount Pagan. Juvenile basalt bombs have 10-15 percent plagioclase and 5-7 percent olivine phenocrysts.
Qbap15
Massive tuff breccia with associated pyroclastic-flow and surge deposits, accretionary lapilli, and unconsolidated tuff and ash. Unit is about 50 m thick on the south and east caldera walls and more than 40 m thick on the north caldera wall and sea cliff. Eruption of this unit, which typically caps the precaldera stratigraphic sequence on the north, east, and south caldera walls, probably led to collapse of the 5.5-km-diameter caldera. Volume of the unit is difficult to estimate because most of it was deposited in the sea, but it is probably several cubic kilometers.
Unit overlies a basaltic andesite flow on the north caldera wall and adjoining sea cliff that has a radiocarbon age of 235 ± 35 years B.P., indicating that the Mount Pagan caldera is very young and possibly historic in age. Locally includes stratigraphically lower and similar deposits on south caldera wall and northern sea cliff that may be related to earlier caldera collapses.
Unconsolidated surface deposits in vicinity of Shomushon and south of the southern caldera rim may also include material from unit Qbp5 as well as unit Qbap15. Juvenile pumice includes both basalt with 2-5 percent plagioclase phenocrysts and aphyric basaltic andesite.
Qaf16
'A'ā flow underlying unit Qbap15 on north sea cliff. Basaltic andesite has about 1 percent plagioclase phenocrysts. Age, 235 ± 35 years B.P.
Qbf17
Three basaltic 'a'ā flows that underlie unit Qbap15 in old sea cliffs adjacent to the northeast coast of Mount Pagan. Top and middle flows have 7-10 percent plagioclase and less than 1 percent olivine phenocrysts. Lowest flow has 10-15 plagioclase and 7-10 percent olivine phenocrysts.
Qbf18
Two basaltic 'a'ā flows on the northeast flank of Mount Pagan that underlie unit Qbap15 in old sea cliffs 200-500 m near the coast. Upper flow has 25 percent plagioclase and less than 1 percent olivine phenocrysts. Lower flow has less than 1 percent plagioclase and olivine phenocrysts collectively.
Qbf19
Pāhoehoe and 'a'ā flows in large old sea cliff exposure near east-northeast coast of Mount Pagan. Unit underlies unit Qbap15 and overlies unit Qap20. Thickness is at least 40 m. Basalt has 1-2 percent plagioclase and less than 1 percent olivine phenocrysts.
Qap20
Surge deposits at the base of sea cliff on lower northeast flank of Mount Pagan. Fine-grained, well bedded, >20-m-thick deposit likely came from Mount Pagan, but its relationship to possible caldera-forming events is not known. Unit was not sampled for petrographic analysis.
Qbf21
Aerially extensive basaltic 'a'ā and pāhoehoe flows on the lower east and southeast flanks of Mount Pagan. Flows underlie Qbf3 and Qbf7, overlie the caldera rim, and are very late Holocene in age. Flow contains 30-40% plagioclase and <1% olivine phenocrysts.
Qbf22
'A'ā flow at coast on southeast flank of Mount Pagan. Underlies Qbf7. Basalt has 10-12 percent plagioclase and less than 1 percent olivine phenocrysts.
Qbc23
Surtseyan cone at coast on southeast flank of Mount Pagan. Cone was not sampled due to the lack of pristine material. All the tephra from this locality was either chemically or thermally oxidized.
Qbcf24
Spatter and cinder deposits of variable basaltic and silicic composition and an associated basaltic lava flow, on the Sengao Peninsula on the southeast flank of Mount Pagan. Basalt has less than 1 percent plagioclase phenocrysts. Tuffaceous silicic pumice is aphyric and appears to be the most silicic rock type of Pagan Island.
Qbcf25
Cinder deposits and an 'a'ā flow on the east side of the Sengao Peninsula. Basalt has 10-15 percent olivine phenocrysts and scattered xenoliths of gabbro.
Qv26
Inaccessible outer part of the Sengao Peninsula and adjacent small islands. Corwin and others (1957) show "undifferentiated lavas and pyroclastic rocks" in this area. Not sampled due to the fact that the rocks are altered and inaccessible.
Qbf27
Lava flow of apparent basaltic composition on south flank of Mount Pagan volcano 0.5 km south of southern caldera rim. Flow contains 15-20% plagioclase and 7-10% olivine phenocrysts. This flow is overlain by the volcanic breccia Qbap15.
Qbf28
Thick ponded 'a'ā flow on sea cliff on southwestern flank of Mount Pagan. Flow is about 10 m thick. Basalt has 3-5 percent olivine phenocrysts.
Qbf30
Three lava flows, mixed pāhoehoe and 'a'ā, on the southern caldera floor. Flow contains 25-35% plagioclase and <1% each of olivine and pyroxene phenocrysts. This unit is overlain by 1981 and Qbf7.
Qbf34
Pāhoehoe and 'a'ā flow of Bandeera Peninsula. Flow contains 5-7% each of plagioclase and pyroxene and 2-3% olivine phenocrysts.
Qbf35
Pāhoehoe flow along coast about 1 km north of Shomushon. Underlies unit Qbp5. Basalt has about 25-30 percent plagioclase and 1 percent olivine phenocrysts.
Qbf36
Pāhoehoe flow at coast 0.5 km west of Laguna Sanhiyon. Basalt has 6-12 percent plagioclase phenocrysts.
Qbf37
'A'ā flow at coast about 1 km northwest of Laguna Sanhiyon. Basalt has 5-10 percent plagioclase and 1-2 percent olivine phenocrysts.
Qbf38
'A'ā flow on north and east walls of inner eastern maar crater about 1 km northwest of summit of Mount Pagan. Basalt has 30-40 percent plagioclase, 5 percent olivine, and less than 1 percent pyroxene phenocrysts.
UNITS OF PLEISTOCENE AGE (restricted to lower south caldera wall)
Qaf29
'A'ā flows near the base of the southwestern caldera wall. Radiocarbon age of the second flow above the base is 10,780 ± 200 years B.P. (see map location). Interbedded with unmapped tuff, surge deposits, and pumice. Basaltic andesite is aphyric.
Qbf31
Twelve 'a'ā and pāhoehoe flows that form a prominent bluff near the center of the south caldera wall. Unit overlies Qbap32 and underlies the caldera-forming unit, Qbap15. One accessible flow has 30-40 percent plagioclase and 1-2 percent olivine phenocrysts.
Qbap32, Qbf32
Older tuff, surge, and pumice deposits on the southwestern caldera wall below unit Qaf29.
Includes an interbedded 'a'ā flow (Qbf32). Eruption of this unit may have been associated with an earlier episode of caldera collapse. Rocks consist of basaltic andesite and basaltic pumice, blocks, and accidental xenoliths.
Qbf33
Two 'a'ā flows on the southeastern part of the caldera wall. Flows could be of Holocene age.
Flow contains 12-15% plagioclase, 7-10% pyroxene and <1% olivine phenocrysts.
INTRUSIVE ROCKS i
Intrusive rocks, generally dikes of basaltic composition. Commonly 1-2 m wide and dip a few degrees from vertical.
SURFICIAL DEPOSITS
Shown only where underlying volcanic rocks cannot be recognized. (also shown by Corwin and others, 1957) .
Qal
Alluvium, consisting of clay-to boulder-sized fragments of volcanic rocks and minerals.
Includes post-1981 debris flows that have destroyed and buried most of the village of Shomushon.
Talus
Talus, consisting of boulders and smaller rock fragments commonly at the bases of caldera walls (angular clasts) and sea cliffs (angular and rounded clasts).
Qb
Beaches, consisting of sand-to boulder-sized fragments of volcanic rocks and minerals and coralline limestone, possibly uplifted during magmatic inflation of Mount Pagan volcano.
Fill
Artificial fill, mainly loose dirt, under airplane runway. About half of the runway is buried by 1981 'a'ā. 
Methods Used
The sample was photographed in as-received form and subsequently split into two roughly equivalent sub-samples using a rotary splitter. One half was kept as spare and the other half 
Results -Petrography
A photomicrograph of the as-received sample is presented in Figure 1 , from which it is evident that particles range in size from one inch (2.5 centimeters) down to dust-sized material. The median as-received particle size was between 0.5 and 1 centimeter. Particles are highly porous (Figure 2 ) and generally rusty, drab olive-grey in colour. Some nearly black, obsidian-like particles are present, as well as traces of creamy white fragments finer than 5 millimeters in size. Although some authors refer to many feathery textures in volcanic glasses as devitrification products, textures ascribed to devitrification were not observed in the studied sample.
(Devitrification, or reverting from the glassy to crystalline state, usually takes place over a lengthy geological time-frame of the order of millions of years.)
In general, glassy particles contain at least 90% glass, while more opaque particles are substantially less glassy but the glass content seldom falls below 50%. As a result, although opaque particles will be less amenable to react as a pozzolan than glassy particles, the ratio of opaque to glassy particles is not likely to materially affect overall reactivity.
Rare, large angular Fe-oxide particles up to 1 mm in size were observed in the sample. These particles are represented by goethite and associated Fe-oxyhydroxides and do not appear to be par t of the volcanic assemblage. Fe-oxides in the eruptive phase appear to be almost exclusively magnetite with minor accompanying hematite as fine platelets within-or attached to -magnetite. 
Results -XRD Analysis
X-ray diffraction analysis (Appendix C) reveals that the material is largely amorphous, with positively identified crystalline species including plagioclase feldspar predominantly, minor olivine and pyroxene and a trace amount of calcite. Three tentative identifications based on single-peak matches suggest the possible presence of a smectite clay (peak at 12.1 Ångstroms), a possible zeolite-like mineral (peak at 11.4 Ångstroms) and an amphibole ((peak at 8.3
Ångstroms). Whereas the latter might represent a primary phase which crystallized along with olivine and plagioclase (i.e. pre-eruptive), the former would reflect possible derivation by alteration of the glassy phase post eruption, and is consistent with natural reactivity of the glass.
Results -SEM Analysis
A point-counting method was performed whereby the relative proportions of glass and crystalline material was estimated on a per-particle basis and the frequency of particles in each category determined. Results are presented in Table 1 , from which it is evident that the median particle contains between 60 and 80% glass, or 68.2% glass, after crushing to passing 850 micrometers particle size. A weighted distribution was calculated but requires an accurate determination of the specific gravity of the glassy phase to be accurate. Modal analyses are presented in Table 3 . The grain size distributions of the primary crystalline species was determined by automated linear intercept analysis across the polished section, with a pixel-to-pixel point spacing of 2.7 micrometers. Results are tabulated overleaf and graphically portrayed in Figure 7 . Table 3 . Modal analysis as determined by linear intercept analysis.
Conclusions
► A whole-rock and mineralogical analyses has been presented for a representative portion of the submitted sample crushed to passing 850 micrometers.
► The material is composed of approximately 66% glass, and is considered a suitable candidate as pozzolan. Most crystalline material within the glassy matrix should be inert
and not pose any problems to utilization as such ► Liberated crystalline materials include feldspar phenocrysts which will be inert, carbonates which may assist in pozzolanic reactions, and oxides which may be amenable to removal by magnetic or gravity separation if desirable.
► Confirmation of the presence of swelling clay is recommended to rule out the likelihood of deleterious properties these may introduce.
► No sulphur is present which is advantageous.
